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THE SHORT, NONCODING PIECES of RNA, typically 22 or 23 nucleotides (nt) long, termed microRNAs (miRs), were first identified in the early 1990s in Caenorhabditis elegans. It was discovered that a small RNA regulated C. elegans development; however, the gene product did not encode a protein, and thus a role for these small noncoding pieces of RNA was discovered (44, 78, 95) . One of these C. elegans miRs, let-7, was subsequently found in a number of different organisms, including humans, and the exploration of these short RNA species took off (3, 43, 68) . Since that time, an increasing number of miRs have been described in a range of organisms. With the advent of next-generation sequencing approaches, a further explosion in miR identification has occurred. The database miRBase lists Ͼ1,800 precursor miRs and ϳ2,600 mature miR forms in humans, with Ͼ28,000 miRs identified for all organisms (21, 37, 38) . For the majority of miRs investigated, the short RNA sequences bind to the 3=-untranslated region (UTR) of target mRNAs to cause degradation of the mRNA (56) . This, in turn, downregulates steady-state protein levels. Therefore, as a general rule, it is considered that the action of miRs is a decrease in target protein expression (40) . However, with the rapid growth in studies investigating miRs, exceptions to this established paradigm of miR action have emerged (22) , e.g., where binding of miRs to target sequences results in protein upregulation. MiRs have been shown to bind to the 5=-UTR, rather than the 3=-UTR, of mRNA or bind directly to coding sequences of proteins to interrupt their translation. MiRs may also alter the regulation of RNA synthesis itself (20, 22, 32, 56) . Whatever the mechanism of control, it is considered that, via direct or indirect mechanisms, miRs regulate the expression of Ն30% of all proteincoding genes (19) . It has been suggested that ϳ90% of all protein expression is regulated in some way by noncoding RNAs (this includes miRs, other short RNA species, and the long noncoding RNAs) (1) .
The genomic sequences that produce the typical stem-loop, precursor miR structure are encoded throughout the genome. MiR sequences embedded in introns of protein-coding genes or in exon and intron sequences of non-protein-coding RNAs have been identified. In production, there is a diversity of strategies that transcribe miRs (described in numerous reviews including refs. 22, 35, 99) . Some miR transcription is driven by its own promoter, resulting in the independent control of miR production (8, 55) . Other miRs are contained within gene sequences and, therefore, share the promoters of the encoded gene, locking them into coregulation with their surrounding gene (26, 50) . To add to this diversity of expression, miRs can be produced as a single immature species, or they can form part of a miR cluster where miR sequences are in close genomic proximity (12, 28) . In miR clusters, a number of precursor family members are transcribed at the same time and then processed individually to mature miRs. The consequence of these numerous miR production strategies is an extensive diversity of miR species that are regulated in a variety of ways. This then allows for an intricate regulatory network to be established in cells to alter and fine-tune protein expression.
The canonical pathway producing miRs begins with miRs transcribed by RNA polymerase II into primary miRs (pri-miRs) (4, 45, 46) . Pri-miRs are longer (Ͼ70-nt) stem-loop hairpin structures with an elongated polyadenylated tail (22, 23) . The pri-miRs are trimmed in the nucleus in a complex that contains the ribonuclease III enzyme Drosha to produce a ϳ70-nt precursor miR (pre-miR) (34, 45) . This pre-miR is next exported to cytoplasm from the nucleus by the action of exportin-5 for further processing (33, 51) . In the cytoplasm the ends of the stem-loop pre-miRs are cleaved by the enzyme Dicer to produce a ϳ23-nt RNA double strand (22, 67) . The complementary strands, termed the guide and passenger strands, are separated as the guide strand is loaded into a complex with Argonaute proteins for the final assembly into a mature miR silencing complex, with the passenger strand often degraded (13, 63) .
As the miR field develops, exceptions to this canonical pathway are being described. For example, transcription by RNA polymerase III, as opposed to II, has been described in detail (22, 23) . MiRs contained within coding gene introns can be excised by spliceosome action to generate pre-miRs directly from genomic sequences. MiRs produced in this manner have been termed mirtrons (5, 62, 76) . MiRs can be generated from small-nucleolar, short-hairpin, short-interfering, or transfer RNA (8, 86) . These sources of miRs do not require the action of Drosha for processing to pre-miRs. Similarly, examples of miR production without the need for Dicer processing (e.g., pre-miR-451) have emerged (11, 98) . Again, this diversity of miR production permits a range of strategies that cells can employ to generate miRs, each of which can be regulated in different ways. The details of miR production by canonical and noncanonical pathways have been extensively reviewed (22, 56, 86, 99) and are not discussed in detail here. However, an appreciation of the elaborate and dynamic regulation of and by miRs should be noted when the role of this small molecule in biological processes is considered. For almost any example where a clear path has been identified for miR production, targeting, and gene product regulation, exceptions have been noted. It therefore remains a challenge to conclusively demonstrate the linear involvement of miRs in regulating a target gene product to demonstrate the physiological significance of miR action. However, these more labor-intensive efforts are underway in a number of fields, including investigations of miR involvement in ion channel regulation, the topic addressed by this review.
MiRs in Kidney Disease
Even though the role of miRs in human disease is not the primary focus of this review, much of the interest in miRs arose because of their link to human diseases and their demonstrable role in disease progression (see Refs. 18, 27, 36, 59 , and 70 as examples of thousands of publications). This is true for kidney pathophysiology and disease states, as well. Briefly, miRs have been shown to regulate or be involved in kidney development (7, 78, 89) , kidney cancers, including renal cell carcinomas (29, 71, 94) , diabetic nephropathy (10, 41, 89) , polycystic kidney disease (66, 88) , fibrotic kidney disease (14, 39, 61, 96) , IgA nephropathy (10, 89) , acute kidney injury (1, 93) , and end-stage renal disease (24, 88, 89) . Several studies have highlighted the role of miR-192, expressed in the kidney cortex, in the profibrotic progression of nephropathy (14, 30, 41) . MiRs also play a role in kidney maintenance and normal kidney physiology, and conditional deletion of Dicer in podocytes is known to result in glomerular damage (24, 29, 100) .
However, there are fewer reports of miR's involvement in the hormonal regulation of ion transport. Recent evidence, including a report by Edinger et al. (16) , suggests that, here too, miRs may be important intermediaries in the signaling cascades that alter ion transport in the kidney.
MiRs and the Renin-Angiotensin-Aldosterone System Pathway
A well-established hormonal cascade is invoked in mammalian systems when Na ϩ reabsorption from the kidney nephron is required. Under conditions of low plasma Na ϩ or decreased blood volume, the renin-angiotensin (ANG)-aldosterone system (RAAS) is engaged as a homeostatic mechanism to increase Na ϩ uptake and expand blood volume (2, 9, 77, 81) . A consequence of the increased Na ϩ reabsorption is water reabsorption, which leads to volume expansion. In this cascade, the final and major effector of Na ϩ balance is the mineralocorticoid hormone aldosterone (2) . For ion channel regulation, aldosterone release is triggered in response to low plasma Na ϩ concentrations or elevated circulating K ϩ levels. The RAAS cascade is depicted in Fig. 1 , but it is becoming apparent that, at each stage in this cascade, miRs play a role in the regulation of protein expression and, consequently, in the homeostatic regulation of electrolyte balance (see below).
Renin. Aldosterone release is initiated by the production of renin in juxtaglomerular (JG) cells of the kidney, if they sense a decrease in renal perfusion. An indirect role for miRs in JG cell function was demonstrated with knockout of Dicer in JG precursors during kidney development to eliminate the production of all miRs (79) . This resulted in a reduction of the number of the JG complexes in the mature kidney and a decrease in renin production. However, this decrease in renin production was the result of a developmental defect and failure to produce JG cells. Specific miRs involved in the regulation of JG cell development cannot be determined by Dicer1 knockout, as this would deplete the production of all miRs, and the specific miRs critical for JG cell development are still to be discovered. However, direct downregulation of renin expression has been demonstrated after increases in levels of miR-181a and miR-663, which were shown experimentally to bind to the 3=-UTR of renin (54). Marques et al. (54) reported that both of these miRs were repressed in samples obtained from hypertensive compared with normotensive subjects. As these miRs downregulate renin, the decreased levels of miR-181a and miR-633 were offered as a possible mechanism to account, in part, for the elevated blood pressure in the hypertensive patients (54) . An increase in renin after release from the miR repression would lead to the eventual increase in aldosterone production, with associated hypernatremia and blood volume expansion.
Angiotensin. Renin is responsible for the conversion of angiotensinogen to ANG I. Levels of angiotensinogen have been shown to be regulated by miRs. Specifically, Kemp et al. (31) reported that miR-483 was downregulated by ANG II to feed back and alter the expression of several RAAS components, including angiotensinogen. This miR also appeared to target additional members of the RAAS cascade, including the 3=-UTRs of ANG-converting enzymes 1 and 2 and ANG II receptor 2. The net result of repression of all these RAAS components by miR-483 would be downregulation of the RAAS cascade and reduction of aldosterone expression (31) . However, aldosterone levels were not specifically measured in this study (31) . The observation that miR-483 expression was altered by ANG II and that this miR, in turn, could target RAAS proteins provides an additional level of feedback control for the RAAS cascade and a new layer of regulation in homeostatic control of Na ϩ levels. In addition to alterations in miR levels, single-nucleotide polymorphisms (SNPs) in the target UTRs could also alter the regulation of the gene product if a canonical miR binding site is disrupted by the mutation. In a study investigating this possibility, Nossent et al. (60) identified SNPs in several RAAS genes that had the potential to alter miR binding. Disruption of miR binding would result in a derepression of the target protein and an upregulation of protein expression. Nossent et al. provided examples of such SNPs that were associated with increased blood pressure and linked to mutations in ANG II, ANG II receptors 1 and 2, renin, and the mineralocorticoid receptor (MR). While SNPs in protein coding sequences have long been identified as a source of sequence variation that could result in disease phenotypes, the possible alteration of miR binding in the UTRs is now also under consideration in an attempt to link pathophysiology to these genetic variations.
Aldosterone production. The next step in the cascade leading to aldosterone production is the action of the steroidogenic enzyme aldosterone synthase (AS), encoded by the gene CYP11B2, in the adrenal cortex. Aldosterone production via AS is stimulated by ANG II, and expression of AS can ultimately determine the amount of aldosterone released from the adrenals (25) . In a study conducted by Robertson et al. (74) to establish whether miRs had a role in the regulation of AS, the miR-processing enzyme Dicer was depleted in adrenocortical (H295R) cells, and changes in AS mRNA levels were determined. The authors demonstrated that a global reduction of miRs by knockdown of Dicer1 resulted in increased expression of AS and the related 11␤-hydrolase (CYP11B1) responsible for the production of cortisol (74) . These data would then point to a chronic repression in AS by miRs under steady-state conditions. A number of candidate miRs were tested to determine which miR (or group of miRs) could be responsible for altering AS levels, and miR-24 was identified as the most likely candidate. Overexpression of miR-24 reduced the expression of AS and 11␤-hydrolase, and depletion of miR-24 increased mRNA levels of both enzymes. Furthermore, a corresponding change in aldosterone production was observed in the H295R cells with the exogenous manipulation of miR-24 levels (74). Interestingly, in unrelated studies, miR-24 was upregulated by the action of aldosterone signaling via its MR (49) . It is possible then that miR-24 could constitute a feedback signaling loop, repressing the expression of AS when aldosterone levels are elevated, just as suggested for ANG II and angiotensinogen in the case of miR-483. However, this idea remains to be tested.
Additional evidence for miR regulation of AS was obtained from an investigation of a polymorphism in the human AS gene 3=-UTR. A polymorphism at position ϩ735 in the 3=-UTR of AS has been shown to alter binding of miR-766. Maharjan et al. (53) reported that individuals carrying the 735G allele would bind the miR-766, while those with a 735A variant would not. This then could alter the steady-state levels of AS and change aldosterone production, depending on the polymorphism. In support of this idea, the authors demonstrated that transient overexpression of miR-766 decreased AS levels in the human H295R cells, which carry the 735G allele of the CYP11B2 gene. In an effort to link the potential miR regulation of AS to changes in blood pressure, Maharjan et al. alluded to a study investigating populations at increased risk for salt-sensitive hypertension, where a Ϫ344T allele in AS was associated with high blood pressure. This SNP is in linkage disequilibrium with the 735G allele, presenting the possibility that alteration of AS expression, regulated by miRs, could eventually alter circulating aldosterone expression and contribute to misregulated blood pressure. However, a conclusive demonstration of this pathway has yet to emerge.
Mineralocorticoid receptor. Release of aldosterone into the blood represents the final step in the RAAS pathway to produce the effector hormone responsible for changes in Na ϩ and volume regulation. Aldosterone enters target cells, where it binds to its MR encoded by the gene NR3C2. The bound MR translocates into the nucleus and binds to response elements on accessible chromosomes to initiate the transcription of aldosterone-induced genes. This is the classical pathway describing the action of the RAAS cascade and mode of aldosterone action. The specificity of aldosterone signaling is protected by the action of 11␤-hydroxysteroid dehydrogenase (11␤-HSD2), which prevents nonselective activation of MR by cortisol. However, accumulating evidence suggests that miRs have now infiltrated this long-established paradigm, and examples can be found for miRs altering steroid receptor expression and 11␤-HSD2 action. MiR-124 and -135a were shown experimentally to bind to and alter the expression of MR (80) . Similarly, Rezaei et al. (72) reported that miR-20a reduced the expression of 11␤-HSD2 in rat models. They also demonstrated that miR-20a was differentially expressed in hypertensive vs. nonhypertensive rodent models. In addition, they found that miR20a was slightly enriched in the cortical collecting duct (CCD) compared with proximal tubule segments (72) . Of interest and with reference to the description provided above, the miR-23-24-27 cluster family was also seen to be enriched in the CCD, providing an additional line of evidence that miR-24 may be a central regulator of RAAS signaling and aldosterone action in the CCD, but again this will need to be validated experimentally.
Therefore, for each step in the RAAS signaling cascade, some involvement of miR regulation has been described. It is certain that, as miRs continue to be investigated, additional examples of physiological regulation of this pathway by miRs will emerge. The next question to be addressed is not miR regulation of aldosterone production but, rather, miR regulation by aldosterone and the impact on ion channel regulation in the kidney CCD.
Aldosterone Regulation of miRs
Profiling of miR levels in model systems or samples derived from human tissue previously involved the use of microarrays, complemented by quantitative PCR techniques to validate any changes observed in the array data. More recently, the advent of deep sequencing approaches has allowed assay of the entire library of small RNA species in one read, to gain an enormous volume of data from biological samples. The arduous task of assembling the datasets, validating initial findings, and determining potential miR target mRNAs has been a much more difficult process. Yet these efforts have been successful and produced an explosion of miR-related publications investigating target interactions and pathways. An investigation of miR regulation by steroid hormones has also begun. While all steroid hormones are not discussed here, it should be noted that estrogen, androgens, and progesterone have been shown to both induce and repress miR production in a number of different tissues (15) . This topic has been addressed in several reviews (64, 65) . For the corticosteroid hormones, however, there is little information on miR regulation, with the majority of studies focusing on glucocorticoid regulation, rather than mineralocorticoids (74, 91) .
Impact of Aldosterone-Regulated miR Channels and Transporter Function in the Kidney
A small number of studies of aldosterone regulation of Na ϩ and K ϩ transport by miRs have emerged. In one of the first of such studies, Elvira-Matelot et al. (17) identified miR-192 as a possible regulator of K ϩ secretion. Expression of this miR was shown to be inhibited in mice by maneuvers that increase circulating aldosterone levels, including K ϩ load, salt depletion, or chronic aldosterone infusion. One of the confirmed targets of miR-192 was the serine-threonine kinase, with no lysine (WNK1), specifically the long form (L-WNK1). ElviraMatelot et al. showed that L-WNK1 protein expression increased without changes in mRNA levels. This suggests that posttranslation modifications may be responsible for the change in L-WNK1 expression, and it was confirmed that miR-192 was the effector (17) . From a number of studies, the role of L-WNK and the kidney-specific form KS-WNK has been elucidated, and it is known that L-WNK1 is an important regulator of both K ϩ and Na ϩ transport (42, 84, 92, 97) . In a separate study, Lin et al. (48) described regulation of renal outer medullary K ϩ (ROMK) channels by miRs. They found that a change in K ϩ diet induced concomitant changes in miR-194 expression: a high-K ϩ diet increased miR-194 expression, and vice versa. A scaffold and regulatory protein, intersectin 1, was determined to be a target of this regulated miR. An increase in miR-194 reduced intersectin 1, and this, in turn, prevented the internalization of ROMK (48) . Consequently, a longer membrane residency resulted in increased K ϩ transport. In an earlier study, Lin et al. (47) identified another miR that was regulated by changes in K ϩ diet, namely, miR-802. In this case, the target protein was caveolin-1 (47) . Similar to the miR-194 example, a high-K ϩ diet induced miR-802 production, which inhibited caveolin-1 expression and reduced ROMK internalization. This then provides two separate mechanisms to regulate K ϩ transport, but with similar outcomes. It is likely that a number of miRs acting though different pathways, but working in concert, may converge to alter ROMK expression at the plasma surface and, ultimately, increase K ϩ transport in the distal kidney nephron.
For Na ϩ regulation, there is little information. The alteration of WNK expression by miR-192 would play into regulation of the Na ϩ -Cl Ϫ cotransporter and the epithelial Na ϩ channel (ENaC), as WNKs are known regulators of these transporters. However, direct regulation of ENaC function by miRs was only recently demonstrated by our group as a possible intermediary component of the aldosterone signaling cascade (16) . To our knowledge, our report represents the first example of this mode of regulation for ENaC in the kidney (16) . Regulation of ENaC by miRs has been recently reported for miR-16 in alveolar epithelial cells (87) and regulation of miR-101 and miR-199 by ENaC in endometrial cells (85) . Neither of these reports focused on miR regulation by hormones.
In an effort to understand the role of aldosterone in miR regulation in the kidney, Edinger et al. (16) stimulated a model mouse CCD (mCCD) cell line with aldosterone and profiled miR expression using microarrays. A small subset of miRs was significantly up-and downregulated. The initial description focused on the downregulated miRs. The array expression data were validated using quantitative PCR to confirm that the identified miRs were regulated by aldosterone in the mCCD cells and in isolated CCD from mouse kidney (for mice fed low-Na ϩ diets). An in silico approach was used to identify targets for the regulated miRs, namely, miR-335, -290, and -1983. One of these, ankyrin-G (Ank-G), was verified as a target for the downregulated miRs and shown to alter ENaC activity. Expression and cellular localization of Ank-G were altered by aldosterone, and the total protein levels of Ank-G were regulated by the downregulated miRs directly (16) . Ongoing studies are investigating the mechanism of Ank-G's action on ENaC in the CCD. However, just as for ROMK, it appears that the change in membrane surface residency may account, in part, for the upregulation observed with increased Ank-G expression (unpublished observations).
Our focus has recently shifted to those miRs that are upregulated by aldosterone. Of interest, the miR cluster family miR-23-24-27 was significantly upregulated by aldosterone (Ref. 16 and unpublished data) . This is the same group of miRs that has been implicated at several points in the RAAS cascade (see above). It will therefore be of interest to verify whether these miRs also play a role in the terminal regulation of Na
MiR Regulation of Other Kidney Transporters and Regulatory Proteins
To conclude this description of miRs and hormonal regulation in the kidney, a number of unconnected examples of miR regulation of kidney transporters are provided. Investigating the role of miRs in epithelial transport, Mladinov et al. (57) examined miR expression in epithelial cells in proximal vs. distal kidney nephron segments in rodents. Their work described 55 miRs that were differentially expressed in each segment. Of these, miR-192 was enriched in proximal tubules, and its expression was decreased when animals were fed a low-Na ϩ diet (which stimulates aldosterone release) (57) . This finding is similar to the reports investigating regulation of ROMK function by miR-192 (see above). However, Mladinov et al. found that miR targeted the ␤ 1 -subunit of the Na ϩ -K ϩ -ATPase. Knockdown of miR-192 increased ␤ 1 -subunit expression, and regulation was suggested to occur through the 5=-UTR, rather than the 3=-UTR (noncanonical pathway). Other differentially regulated miRs were also demonstrated to interact with the 3=-UTR of transporters, including ROMK2 (miR-16, -195, and -382) and the Na ϩ -K ϩ -Cl Ϫ cotransporter (miR- 16 and -195) . The addition of another validated miR-192 target further highlights the nascent status of the miR field. It is almost certain that, with further investigation, additional targets of kidney-specific or enriched miRs will be uncovered. Understanding the miR interactome will obviously take some time.
The glucocorticoid-induced leucine zipper (GILZ) is known to regulate the function of ENaC in the distal kidney nephron. As its name suggests, this protein is induced by the action of glucocorticoids, as well as aldosterone (6, 58, 73, 82, 83) . In a study investigating the glucocorticoid receptor, Vreugdenhil et al. (91) demonstrated that miR-18 and -124a were regulated by dexamethasone and that these miRs altered the expression of GILZ. The action of aldosterone was not considered in these studies. The data for aldosterone stimulation of CCD cells reported by Edinger et al. (16) showed no significant alteration in expression of these two miRs, and it could be that it is a glucocorticoid receptor-specific regulation.
For a study investigating miRs induced by osmotic stress, a transgenic mouse model overexpressing miR-466a was generated; this model was previously linked to osmotic stress pathways. In mice with overexpression of this miR, expression for a range of transporters and proteins in the kidney linked to osmoregulation, including aquaporins 1, 2, and 3, urea transporters 1, 2, and 3, the serum and glucocorticoid kinase 1 (SGK1), and osmotic response element-binding proteins, was reduced (52) . SGK1 is a known regulator of ENaC (69, 75, 90) . These mice also demonstrated an impaired ability to appropriately concentrate urine and effectively osmoregulate.
Conclusions
While much of the attention generated in the miR field has arisen due to their link to diseases and disease progression, it is becoming increasingly apparent that miRs may be involved in many of the long-characterized homeostatic physiological processes and pathways that regulate ion transport. This seems certainly to be the case for hormonal signaling linked to ion transport regulation in the kidney. While there are relatively few examples of miRs involved in aldosterone signaling, we, along with colleagues in the field, are beginning to identify miR's role here as well. The significance of miR action has yet to be fully appreciated. While the tools may not be available to dissect all the actions of miRs in aldosterone signaling, it is certain that additional examples of miR regulation will be uncovered. Over time, it is very possible that we may come to consider miRs as central players in signaling cascades, rather than merely a cellular mechanism to fine-tune protein levels. Differential regulation and expression of miRs, already noted in different nephron segments, hint at the possibility that miRs could be the site of signal integration. MiRs could therefore be the source of contextual regulation of hormonal inputs, to elicit an appropriate tissue-or cell-specific response and be responsible for the pleotropic actions noted, for example, in aldosterone signaling.
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